In this paper, we used the panel smooth transition model (PSTR) 
Introduction
Since the reform and opening-up, China's economic and social development has gone through an extraordinary glorious course of 40 years, and has achieved remarkable historical achievements and achieved unprecedented historical changes. After 40 years of rapid growth, China has become the world's second largest economy after the United States.
However, it is undeniable that the rapid advancement of technological progress and industrialization has greatly improved the material living standards of human beings. The impact of human activities on the environment is growing. And some regions have unilaterally pursued economic growth at the expense of the environment and resources, especially the rapid growth of the industrial economy has led to serious air pollution (Minghui Li et al., 2011) . Sulfur dioxide is one of the major pollutants in the atmosphere and an important indicator of whether the atmosphere is contaminated.
There have been many serious incidents of sulfur dioxide damage in many cities around the world, causing many people to be poisoned or killed. The "London Smoke Incident" was caused by a large amount of sulfur dioxide in the air, which led to tragedy. It has become history, but its warnings are far-reaching. Air and water are essential for human survival. Sulfur dioxide in the exhaust gas poses a serious threat to human health and induces many respiratory diseases. Moreover, sulphur dioxide is very soluble in water and its harm is not easily transferred, and the consequences are borne by the emitting countries themselves (Zhaoli Zhang et al., 2012 ).
Sulfur dioxide is also an important source of acid rain, acid rain has brought serious impacts and damage to the earth's ecological environment and human society and economy.Studies have shown that acid rain has serious harm to human landscapes such as soil, water bodies, forests, buildings, places of interest and historical sites, which not only causes major economic losses, but also endangers human survival and development.
According to the website of China quality inspection, one third of China's land has been attacked by acid rain. China is a major coal-producing and coal-burning country in the world. The acid rain caused by sulfur dioxide discharged from coal has affected 40% of the national area of nearly 4 million square kilometers and is still expanding. Therefore, analyzing the relationship between economic growth and sulfur dioxide emissions is of practical significance for how to control sulfur dioxide pollution.
Literature Review
Some scholars have studied the relationship between economic growth and air pollution. Grossman and Krueger (1991) analyzed whether Nafta would worsen environmental pollution, and found an inverse U-shaped relationship between SO2 and smoke dust and suspended matter, and between SO2 and smoke dust and per capita GDP. And borrowing the relationship between income distribution and economic growth proposed by Simon Kuznets (1955) , condensing what is called the "hypothesis of environmental kuznets curve" (EKC), that is, when a country When the level of economic development is low, the degree of environmental pollution is relatively light, but environmental pollution will increase with economic growth.
When the country's economic development reaches a certain level, its environmental pollution level will gradually slow down and the environmental quality will gradually improve. Nektarios Aslanidis (2006) analyzed the panel data of 48 states in the United States from 1929 to 1994 through the PSTR model and found that sulfur dioxide emissions rose steadily at a later stage of economic development and then steadily declined at high income levels. However, for nitrogen oxide emissions, environmental pressures tend to rise with economic growth and then slow down with further growth but do not decline. Anil Markandya (2006) analyzed the relationship between per capita GDP and sulfur emissions in 12 Western European countries over 150 years, as well as the impact of air pollution regulations on the shape of the income-pollution relationship. An inverted U-shaped relationship between per capita GDP and sulfur emissions has been found, and the estimated turning points in most countries are reasonable. In addition, environmental regulations have been found to reduce EKC, and they can also change the turning point of the curve.
Sudong Zhou et al. (2010) conducted an empirical study on the relationship between air pollution and total output value using industry panel data from 1996 to 2007 in Jiangsu Province. The results show that the three air pollutants change in the same direction as the total output value of enterprises, and the larger the total output value, the larger the amount of air pollution is; there are significant differences in air pollution emissions in different industries. It is found that with the increase of industrial economy since 1986, the emission of industrial sulfur dioxide in Jiangsu Province has undergone the process of first increasing and then decreasing. Scale and technical effect are the two factors that influence the emission of industrial sulfur dioxide, especially the technical effect plays a dominant role in the realization of industrial sulfur dioxide emission reduction target. Bo Cheng et al. (2018) empirically examined the impact of economic growth on air pollution based on provincial panel data from 2002 to 2012, and examined the regulatory role of institutional environment on the relationship between economic growth and air pollution. The results show that the relationship between economic growth and regional air pollution is inverted U-shape; and the relationship between economic growth and air pollution emission is negatively regulated by public participation and environmental regulation.
Throughout the domestic and international literature, it is found that due to data acquisition problems, few literatures study the relationship between SO2 emissions and economic growth based on time series methods; many literatures on EKC, whether it is panel data model, spatial measurement model, or time series model all adopts quadratic or cubic type. In fact, the transcendental form is essentially linear.
It is controversial to apply the linear model to test nonlinear relationship. The PSTR model first tested the homogeneity of the data, and used LM, LMF, LRT and other statistics to test the linear hypothesis, and modified the model expression to eliminate the homogeneity of the data produced by EKC. Moreover, many models only consider the income when testing the EKC, without considering other control variables, there may be the problem of missing variables.
Based on this, we used the smooth transformation regression model to study the nonlinear change between SO2 emission and economic growth, adding total export-import volume and urbanization rate as control variables. It makes up for the shortage of previous studies using linear model to test the nonlinear relation and missing variable. And studied the relationship between SO2 emissions and economic growth from the perspective of time series, which helps to analyze the relationship between economic growth and pollution emissions from a dynamic perspective.
Model
The Smooth Transition Regression Model proposed by Teräsvirta (1994) is an extension of the Smooth Transition Autoregression Model proposed by Hansen (1999) , both autoregressive models and other time series models can be applied. By setting a continuous transformation equation that allows variables to smoothly transition between different regimes (Gonzalez et al., 2005) , the change in regression parameters is no longer a jump change, but a slow transition, more closely related to the meaning of real economy. The simplest PSTR model with two extreme regimes and a single transition function can be defined as:
Where: i=1, ..N stand for the number of panel data individuals; t=1,...T stand for the dimension of time. x it represents the explanatory variable, which is the logarithm of the annual per capita GDP of each province and municipality in China. y it represents the explanatory variable, which is the logarithm of annual SO2 emissions in all provinces and municipalities in China. qit is a conversion variable, which is the logarithm of per capita GDP of every province and municipality in China. zit represents other explanatory variables that may affect SO2 emissions, and the coefficients of these variables do not smoothly transform with the change of the conversion variables. μ i represents the fixed individual effect. uit is the residual term obey a normal distribution with a mean of 0 and a constant variance.
The transition function g(q it ; r, c) is a continuous function of the observable variable qit . Its value is between 0-1, 0 and 1 indicate the two extreme regimes. The function g(q it ; r, c)proposed by Granger (1993) and Teräsvirta (1994) can be expressed in the form of logistic:
Where c=(c1,...cm) is the location parameter of m, which is the threshold value, González et al. (2005) consider that the location parameter c takes m = 1 or m = 2 to be representative.
When m=1, the form of the transition function is monotonically increasing between 0 and 1, as shown in figure 1: When qit changes from small to large, it corresponds to two extreme regimes, the explanatory variable coefficient is smoothly transformed between β 0 and β 0 +β1.
Where the coefficient is β 0 in low regime and β 0 +β1 in high regime. When m=2, it can be seen from Fig. 2 that the conversion function g(qit ,γ,c1,c2) takes the minimum value at (c1+c2)/2, and the value ranges from 0 to 0.5. When qit is minimum and maximum, the conversion function are both 1. then the model has three extreme mechanisms, it becomes a three-institutional model when γ → ∞. the distribution on both sides is called the external regime, and the distribution in the middle is called the intermediate regime. γ> 0 is a smoothing parameter, controlling the speed of conversion function, the higher the value, the faster the conversion. If γ → ∞, then the conversion speed is infinite, and the function has a discontinuity between the two extreme systems, the value of the conversion equation can only be 0 or 1, and the model degenerates into Hansen's PTR model. If γ = 0 , the conversion equation degenerates into a homogeneous or linearly corrected panel regression.
The PSTR model setting process consists of three steps: The first step is to perform a linear verification of the model. Since the transformation equations in the model contain unknown parameters, here we refer to the method of Hansen (1996) , replacing the transformation equation with a first-order Taylor formula. The model expression is converted to the following auxiliary regression equation:
PSTR model constructs the parametric linear auxiliary regression equation, estimates the equation and the linear fixed-effects model respectively, and tests the statistic which is calculated according to the sum of their residual squares. The original hypothesis is H 0 ：β 1 = β 2 = β 3 = 0, The corresponding assumptions are H 01 * : β 1 * = 0|β 3 * = β 2 * = 0, H 02 * : β 1 * = 0|β 3 * = 0 , H 03 * : β 3 * = 0. We use TY chang's method to test the above hypothesis through Wald Tests, Fisher Tests, and LRT Tests. The statistics are LM, LMF and LRT, respectively. The expression is as follows:
SSR0 and SSR1 are the sum of squared residuals for the original hypothesis and the alternative hypothesis, respectively, and K is the number of explanatory variables. The original hypothesis is accepted, the coefficients before the explanatory variables are all 0, then the relationship between the them are linearly homogeneous. If the original hypothesis is rejected, the panel data has crosssectional heterogeneity, and there is a transition between different regimes in the model. The PSTR model can be used to continue to analyze. The results are different: when H01 * or H03 * is rejected, then m=1; when H02 * is rejected, then m=2.
After determining the value of m, the Nonlinear Least Squares estimate is used to get the parameter β0 and β1, r, γ and c.
Data

Basis for the division of t he Eastern, central and Western Regions
In this paper, according to the classification standards issued by the National Bureau of Statistics of the People's Republic of China in 2003, the mainland of China is divided into three economic regions: East, Middle and West according to the level of economic development and geographical location. However, in 2004, China carried out the western development strategy, and divided the two ethnic autonomous regions of Guangxi and Inner Mongolia into the western regions in the sense of national development.
Therefore, the Eastern region (11) includes Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, and Hainan; the Middle region (8) is Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, Henan, and Hubei. Hunan; the Western region (12) includes Sichuan, Chongqing, Guizhou, Yunnan, Tibet, Shaanxi, Gansu, Qinghai, Ningxia, Xinjiang, Guangxi, and Inner Mongolia.
Indicator selection and data description
The main data of the empirical study is the Natural Logarithm of SO2 emission and the Natural logarithm of per capita income. Per capita income is usually expressed as per capita disposable income or per capita GDP, but setting only one exogenous variable in the econometrics can easily lead to large errors in the model. While taking into account the quantitative and data availability of other factors. This article joins the two indicators of total import-export volume and urbanization rate of each province or municipality.
According to the availability of the data, we compiled the data for each variable from 2005 to 2017. The explanation of each indicator is shown in Table 1 . The data comes from the China Statistical Yearbook. Table 2 Table 3 Table 4 Table  5 describes the statistical characteristics of each variable in the model. 
Results
Nonlinear test and model form determination
We use Matlab software programming to achieve the following model steps. In the PSTR model, the first step is to verify whether there is a conversion between different regimes in the panel data.
If the linear hypothesis is rejected, then the relationship is nonlinear, thus further determining the number of regimes, that is, the number of transformation equations. The results are shown in Table 6 : The statistical values of P in the East, Middle and West are all 0, which means that the original hypothesis is rejected on the significance level of 1%. There is heterogeneity in the sample observation data, the model is nonlinear and there is at least one threshold value. This shows that the panel smooth transformation model can better describe the nonlinear characteristics of per capita GDP to SO2 emissions.
The second step of the model is to determine the form of the transformation equation, expand the transformation equation by first-order Taylor at r=0, and calculate the F statistics to test 01 , 02 , 03 respectively, to determine the shape of the transformation equation. The results is shown in Table 7 : Then set the original hypothesis H0: r=a+1 and the alternative hypothesis H1: r=a+2, and repeat the above process until all the statistics accept the original hypothesis. Where the value of r is the number of transition functions of the model. The results in Table 8 show that the East, Middle and West models all accept the original assumption, r is 1, so there is no need to further test, the model only contains a conversion equation. Thus, the final form of the PSTR model for the East and West is determined as: LNSO2it=μI+β0LNGDPit+β1LNGDPitg(qit;γ;c)+β2LNTradeit+β3URBRit+uit （8）
The final form of the PSTR model for the Middle is determined as:
LNSO2it=μI+β0LNGDPit+β1LNGDPitg(qit;γ;c1;c2)+β2LNTradeit+β3URBRit+uit （9）
Estimation of model parameters and results description
In order to estimate the nonlinear transformation of the PSTR model, we use Nonlinear Least Squares (NLS).
The smoothing parameter γ and the location parameter c are first determined and brought into the models to obtain the estimates value of other parameters. The estimated values of the parameters in the model of East, Middle and West are shown in the following table: in Table 9 , the individual parameters passed the T-test in the model have economic explanatory significance. We can see that:
(1) The effect of economic growth on SO2 emission is different in East, Middle and West Regions. The emission of SO2 changes smoothly with per capita GDP between high and low regimes. Specifically, in the East region, the mechanism transition occurs when the location parameter of the model has a logarithm of -51.6579.
In the Middle region, the mechanism transition occurs when the location parameter of the model has a logarithm of -1.2908 and 0.0000. Finally, in the West region, the mechanism conversion occurs when the location parameter of the model is 10.1250.
The elasticity value of SO2 emissions is 0.0509 when the economic development is in a low regime, which is positively related. When the per capita GDP of the region gradually increases and is greater than this location parameter, the elasticity coefficient of emissions becomes 0.7114, and economic development will be increase SO2 emissions to a certain extent.
(2) In the East, Middle and West provinces, the relationship between total export-import volume and SO2 emission is positive first and then negative.
(3) In the East provinces, the effect of urbanization rate on SO2 emission is positive first and then negative, while in the Middle and West provinces, the effect of urbanization rate on SO2 emission is just opposite to that in the East, it is negative first and then positive. Figures 3, 4 , and 5 show the transfer function images of the three models. The smoothing parameter A determines the conversion speed between different economic regimes. It can be seen that the conversion speeds in the East and Middle regions are relatively slow, with γ being 0.1960 and 6.0137e-07, respectively, while the γ in West region is 2.2101. Therefore, there is obvious mechanism conversion characteristics. That is, after the economic development of the western cities reaches a certain scale, its effect on SO2 emissions will be smoothly converted from a high regime to a low regime; while the speed of transition between regimes in East and West region is slow. 
Discussion, and Conclusions
In this paper we have two main contributions. First, a nonlinear panel smooth transition regression (PSTR) model is constructed, which allows the regression coefficients to change gradually from one group to another.
That is, the parameters in the model can be changed continuously and gradually smoothly between different extreme regions with a function containing exogenous variable. This feature is consistent with the characteristics of changes in SO2 emissions. Its changes are not rapid and will change with the economic growth of a certain region, the total imports-exports volume, and urbanization rate gradually.
Secondly, based on the smooth transition regression model (PSTR) proposed by Gonzalez et al., the paper quantifies economic growth by using per capita GDP as the threshold variable. The model is firstly applied to analyze the effect of economic growth on SO2 emission in the three regions of East, Middle and West of China.
The results show that the situation in the East, Middle and West is different, but both indicate that there is a nonlinear vertical and horizontal smooth moving relationship, especially in the West.The Western region found that when per capita GDP is below the threshold value of per capita GDP of 24,959 yuan, per capita GDP is weakly positively correlated with SO2 emissions.
When the economic scale reaches the per capita GDP threshold value of per capita GDP of 24,959 yuan, its positive impact on the emission of SO2 will increase. Economic development has exacerbated emissions.
The natural carrying capacity of the western region is relatively weak. Along with the economic growth brought about by the government's policy of "China's Western Development Program" , attention should also be paid to investment in the ecological field. For example, using the characteristics of geographical conditions to strengthen forestry development to reduce emissions, and actively developing wind energy, solar energy and other energy to improve the structure of traditional energy consumption, these will bring many economic and social benefits.
